Bacteria can achieve a staggering diversity of cell shapes that promote critical functions like growth, motility, and virulence 1-4 . Previous studies suggested that bacteria establish complex shapes by co-opting the core machineries essential for elongation and division 5,6 . In contrast, we discovered a two-protein module, CrvAB, that can curve bacteria autonomously of the major elongation and division machinery by forming a dynamic, asymmetrically-localized structure in the periplasm. CrvAB is essential for curvature in its native species, Vibrio cholerae, and is sufficient to curve multiple heterologous species spanning 2.5 billion years of evolution. Thus, modular shape determinants can promote the evolution of morphological complexity independently of existing cell shape regulation.
The mechanisms by which bacteria achieve complex shapes remain largely mysterious, but in all cases studied to date they involve species-specific co-opting of the machinery required for making simple shapes 5, 6 . For example, MreB, a cytoskeletal organizer required for the formation of simple rod shapes in most bacterial species 10, 11 , is required for the elaboration of both curvature and stalk formation in C. crescentus 5, 6 . In addition to MreB, the other widelyconserved cytoskeletal organizer is FtsZ 12, 13 . Each of these cytoskeletal elements localizes asymmetrically to direct the activity of an associated set of PG synthesis enzymes. Here we describe a cell curvature module that can function in multiple species independently of both the MreB-and FtsZ-associated "core" shape machineries, demonstrating that the evolution of bacterial shape is more plastic than previously appreciated.
Two genes, crvA and crvB, are sufficient to induce cell shape complexity
To understand the origin of a complex curved-rod shape, we focused on the human pathogen Vibrio cholerae. The only known factor required for cell curvature in V. cholerae, CrvA, forms a protein filament that localizes to the inner face of the cell to induce cell curvature 14 . The sequence downstream of the crvA gene encodes a larger gene with homology to crvA, which we named crvB (Fig. S1A, B ). To determine whether this second gene is also a curvature determinant, we deleted it and found that the resulting cells were straight (Fig. 1A) .
Complementation tests showed that crvA complemented ΔcrvA and crvB complemented ΔcrvB, but crvA and crvB could not cross-complement ( Fig. S1C , D, E). We searched for CrvB homologs in the genomes of other Vibrio species and found that almost every Vibrio with a CrvA homolog also has a CrvB homolog (Fig. 1B) . The singular exception, Vibrio proteolyticus, contains only a CrvA homolog and is reported to be a straight rod 15 . Furthermore, many species have neither a CrvA nor a CrvB homolog and are reported to be straight. Thus, not only are CrvA and CrvB both required for cell curvature in V. cholerae, but their evolutionary cooccurrence correlates with cell curvature throughout the Vibrio genus.
To determine whether CrvA and CrvB are sufficient to induce curvature, we introduced them into the straight-rod species Escherichia coli and Pseudomonas aeruginosa. Despite the fact that crvA/crvB homologs are restricted to the family Vibrionaceae, heterologous expression was sufficient to transform both E. coli and P. aeruginosa into curved rods. Thus, crvA and crvB represent the complete set of V. cholerae-specific genes required for curvature ( Fig. 1C, Fig. S2 ).
We next sought to determine if CrvA and CrvB are sufficient to induce curvature in a species that is not normally a straight rod. V. cholerae, E. coli, and P. aeruginosa are γ-proteobacteria, while the curved-rod Caulobacter crescentus is an α-proteobacterium. C. crescentus lacks crvA/crvB homologs but requires crescentin (creS) for curvature such that a ΔcreS mutant is a straight rod. CreS does not bear substantial primary sequence homology to CrvA or CrvB 14 .
Nevertheless, heterologous CrvA and CrvB expression curved ΔcreS cells (Fig. 1C, Fig S2) and significantly enhanced cell curvature in wild-type C. crescentus (Fig. 1C, Fig. S2 ). Thus, CrvA and CrvB can function in C. crescentus independently of CreS.
CrvA and CrvB form a module that functions autonomously of core shape machineries
While V. cholerae, E. coli, P. aeruginosa, and C. crescentus use the MreB-directed machinery, known as the elongasome 5, 10, 16, 17 , to insert new PG throughout the lateral surface of the cell, some bacteria form rods via a distinct growth pattern. For example, the α-proteobacterium Agrobacterium tumefaciens lacks many canonical elongasome members including MreB, and instead co-opts FtsZ-directed synthesis to elongate from the cell pole 18, 19 . Surprisingly, CrvA and CrvB expression induced cell curvature in A. tumefaciens despite its distinct spatial pattern of growth and the absence of MreB (Fig. 1C, Fig. S2 ). Because CrvA and CrvB are sufficient to induce curvature in multiple heterologous species, including both straight and curved species, as well as in species that use either MreB-driven lateral growth or FtsZ-mediated polar growth, we refer to them as the CrvAB cell shape module.
V. cholerae curvature is robust to inhibition of cell division 14 and the MreB-independent function of the CrvAB module in A. tumefaciens suggests that the elongasome is not required for induction of cell curvature. To further test the dependence of CrvAB on the core shape machineries, we inhibited the elongasome and the FtsZ-associated "divisome" machinery in E. coli expressing CrvAB. Treatment with the MreB-disruptor, A22, induced a dose-dependent widening of cells ( Fig 1D, Fig. S3A ) indicative of disrupted MreB function 20 . Nonetheless, CrvAB expression increased cell curvature over the duration of A22 treatment at all concentrations tested ( Fig. 1D, Fig. S3B ). CrvAB expression also induced curvature during treatment with the divisome inhibitor, cephalexin, alone or in combination with A22 ( Fig. 1E ).
The ability of the CrvAB module to function independently of both core machines demonstrates that the emergence of complex cell shape can be achieved by the horizontal transfer of only two genes that act autonomously of endogenous cell shape regulation.
The evolution of the CrvAB cell shape module
CrvA and CrvB share sequence homology, but their inability to complement one another suggests that they may have distinct functions. We thus looked for differences in their amino acid sequences and found that CrvB contains a ~250 amino acid C-terminal domain that is not present in CrvA. Deletion of either this CrvB-specific (CBS) domain or the N-terminal domain (NTD) of CrvB abolished curvature ( Fig S4A) . Thus, the CBS domain is necessary, but not sufficient for CrvB function. Remarkably, when we fused the CBS domain to the C-terminus of CrvA, the resulting chimeric protein, CrvACBS, induced curvature in a ΔcrvAB background ( Fig.   2A , Fig S4A) . In V. cholerae, cell curvature rapidly decreases when saturated cultures are diluted into fresh media and increases until the culture reaches stationary phase 14 . While crvACBS was sufficient to curve cells, these cells did not become as curved as wild type ( Fig 2B) . To determine if increasing the level of crvACBS could further increase curvature, we expressed a second copy of crvACBS at the crvB locus (2xCrvACBS) and found that this strain reached nearly wild-type curvature (Fig. 2B ). However, CrvACBS induced curvature slower than wild type even when two copies were present ( Fig. 2B ). Therefore, a CrvA/CrvB hybrid functions as a minimal 
CrvAB forms a periplasmic filament that generates asymmetry and governs cell curvature dynamics
How do CrvAB induce an asymmetric cell shape without co-opting the core shape machinery?
CrvA tagged with the fluorescent protein msfGFP (CrvA-GFP) is functional and assembles into a filamentous structure localized to the inner curvature of the cell 14 . We found that a CrvB-msfGFP fusion was also functional and formed a filament at the inner curve ( Fig. 3A, Fig. S5A ).
An msfGFP fusion to CrvACBS was functional and also localized in the same pattern (Figs. S4A, S5B). When we imaged mCherry-tagged CrvA (CrvA-mCherry) and CrvB-GFP simultaneously, both proteins localized to the same structure ( Fig. 3A, Fig. S5A ) and remained colocalized as cells grew (Fig. 3B , Movies S1-S2). Furthermore, CrvA-mCherry and CrvB-GFP colocalized upon heterologous expression in E. coli, indicating that CrvAB form an asymmetric structure in a species-independent manner (Fig. 3A, Fig. S5C ). Thus, CrvA and CrvB are together sufficient to generate an asymmetric structure in E. coli, which could explain why they do not need MreB or FtsZ to break symmetry.
In Gram-negative bacteria, the cell wall is located between the inner and outer cell membranes in a subcellular compartment called the periplasm. In contrast to cytoskeletal elements, which assemble in the cytoplasm, CrvA is a periskeletal element that assembles in the periplasm 14 . To determine whether CrvB is also periplasmic, we labelled the periplasm by fusing mCherry to the secretion signal of the periplasmic protein DsbA 21 . When we perturbed these cells with the antibiotic moenomycin, cells rounded up and the periplasm visibly protruded from the cytoplasm 22 . As expected for a periplasmic protein, CrvA-GFP filaments localized to the DsbA-mCherrycontaining periplasm 14 (Fig. 3C ). CrvB-GFP filaments also colocalized with DsbA-mCherry, indicating that CrvB is periplasmic. Furthermore, CrvA-mCherry and CrvB-GFP filaments remained colocalized in rounded moenomycin-treated cells, indicating that their colocalization to this periskeletal structure does not depend on the wild-type cellular geometry ( Fig. 3C ).
Next, we wondered whether CrvA and CrvB have distinct roles in assembling the periplasmic filament. Deleting crvA resulted in diffuse CrvB-GFP localization, indicating that CrvA is required for CrvB assembly (Fig. 4A ). Deleting crvB also significantly disrupted CrvA-GFP, but in a qualitatively different manner. While most crvB cells still exhibited well-defined CrvA-GFP structures, these cells typically exhibited multiple small CrvA-GFP puncta and only ~6% had long CrvA-msfGFP filaments similar to those seen in wild type (Fig. 4A ). We thus hypothesized that CrvA can form small structures on its own and that CrvB promotes the higher- To assess the relationship between CrvA-GFP assembly and cell curvature dynamics, we simultaneously observed CrvA-GFP assembly and cell curvature in a wild-type background. Cell curvature decreased as CrvA-GFP filaments were lost (Fig. 4E) , and in these straight cells, CrvA-GFP formed multiple small structures resembling those in crvB. Our time course also showed that cell curvature only began to increase after the formation of long CrvA-GFP filaments (Fig. 4E ). Taken together these results demonstrate that the CrvAB module forms a dynamic periskeletal structure, that CrvB promotes the formation of this higher-order structure, and that the timing of its assembly correlates to the dynamics of curvature.
Discussion
Together, our results demonstrate that both CrvA and CrvB have specialized roles in the assembly of a periskeletal structure that can impart cell shape complexity onto bacterial species separated by 2.5 billion years of evolution 23 . The ability of CrvAB to modulate cell shape independently of species-specific growth mechanisms could have bioengineering applications like improving the stability of synthetic probiotics, as cell curvature can enhance intestinal colonization 14 . The periskeletal nature of CrvAB allows this module to generate asymmetry similarly to cytoskeletal elements, but without requiring transmembrane interaction partners to influence periplasmic cell wall synthesis. Most cytoskeletal elements require ATP or GTP for dynamics. These energy sources are absent in the periplasm, but CrvAB demonstrate that periplasmic polymers can be dynamic nevertheless. As PG is chemically similar among bacteria 24 , a direct interaction with the cell wall may provide an explanation for the unprecedented range of species in which CrvAB are functional. Alternatively, CrvAB may produce asymmetry by directing the activity of PG enzymes that function outside of the core cell shape complexes. In a variety of species, determinants of complex shape have been identified 3, 25 , but it remains to be seen if these systems depend on core shape machinery or if they will join CrvAB as autonomous cell shape modules. Furthermore, there are complex bacterial morphologies without characterized determinants. Perhaps these diverse forms are built not by co-option of core cell biology, but by simple cell shape modules like the one that makes V. cholerae curved. 
Materials and Methods

Bacterial strains and growth conditions
Bacterial strains and plasmids used are listed in Table S1 . Vibrio cholerae, Escherichia coli, Pseudomonas aeruginosa were cultured in LB medium (10g/L NaCl (Sigma), 10g/L tryptone (Bacto), 5g/L yeast extract (Bacto)) at 37°C with aeration. Agrobacterium tumefaciens was cultured in LB medium at 30°C with aeration. Aliivibrio fischeri was cultured either on LB agar supplemented with 500ng/mL moenomycin and incubated at 37°C for 5-6h before imaging.
Representative cells were chosen such that their orientation relative to the imaging plane allowed visual resolution of the periplasmic and cytoplasmic spaces. For A22 and cephalexin treatment, 
